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in several ureas of photosynthcs i s.  These areas concerned quantum yi elds i.n 

ch lomplas t  rcacti  ons as a runctiori of wavelength, a r ~ a l y s i s  of the oxygen 

cvcllv i n& photmcac t i on b y  means of  f luoresccr~ve and d i  fl'erencc spectroscopy 

(1s w e l l  a:; studies of' the ro.Le of manganese jri photosynLhesir,. D r s .  Kok 

a n d  Cheniao pyesented papers at R recent  A.  E. C. sponsored meetj ng on photo- 

i 
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STUDIES ON FUNCTION OF MANGANESE IN PHOTOS~~IWXS 

G. M. Cheniae and I. F. Mar t in  

Research I n s t i t u t e  f o r  Advanced Studies, Baltimore, Maryland 

INTRODUCTION 
1 3 

For some time, since investigations of Pjreon , Kessler e t  alLJ3J5 and w a t e r  
It 

e t  nl, t he  implication has been i n  the  l i t e r a t u r e  t h a t  mtcnganece Is i n  sane 

way involved in photosynthesis o r  the  Hill react ion.  I n  mout inntuncer,, 

cPfect;e of maxqganene deficiency on these reac t  iona observed by IJ'+Gt workers 

have been made with t i s sues  r e l a t ive ly  aged o r  i n  many cases of uncertain 

age, Thus, it could be considered possible t h a t  e f f e c t s  of Mn deficiency 

observed were secondary r a the r  than primary e f f ec t s .  

completely convincing d a t a  t o  indicate  that manganese d i r e c t l y  par t ic ipa tes  

i n  a primary reac t ion  of e i t h e r  photosynthesis o r  the  ILi.11-reaction. 

the leso  m a n y  schemes of photosynthesis d o m t i c a l l y  include manganege as a 

ca t a lys t  on the  oxidant olde of photosyotem 11. O n l y  within the past f e w  

years has there  been renewed in t e re s t  i n  t he  d i r ec t  par t lc ipat ion,  i f '  any, 

of' manganeae i n  photosynthesis. The data  presented b r i e f l y  repre:;ent 

oome o f  our attempts t o  evaluate c r i t i c a l l y  t h e  Function of manganeae i n  

To date  there  are no 

Never- 

photosynthesie, and t o  examine the  manner i n  which manganese is  bound within 

t h e  chloroplast .  

The a lga  Scenedesmus D has been used throughout these s t u d i e s  f o r  3 
both whole c e l l  s tud ies  and as a fiource of chloroplasts .  Manganese 

def ic iencies  r e su l t i ng  i n  N 90% loss O f  growth o r  phohosynthesio can be 

obtained within 48 houro when "8pecpwe" chemical8 are umd as source of 

'This research was supported by the  National Aeronauticc and Space 

Administration (NASw-747). 
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micro-elements. Unless otherwise s ta ted  quantum yield measurementr; ( r e l a t i v e  

and absolute) were made employing an 02-electrodc. 

were made with an Ulbricht i n t e g r a t i w  sphere. 

of 54Mn were made with a NaI s c i n t i l l a t i o n  well-counter cal ibrated t o  

Absorption meaourements 

Radioact i v l t y  nieasuremenLu 

isolate tlie 54m r-emission. 

A.  

plas t 1I 

RESULTS 

Effect of Mn Deficiency on Photocynthesis, Whole C e l l  and Chloro- 

11 Reaction and Photosystem 1 Reactions. 

Deficiency of manganese r e s u l t s  i n  e f f ec t s  dependent upon the  l e v e l  of 

deficiency. A t  low l eve l s  of deficiency the  e f f ec t  GbEerved upon e i t h e r  

photosynthesis o r  the  quinone H i l l  react ion is  upon 5, the  rate constant 

8 f'or t he  l i m i t i n g  l ight-react ion (Pig. 1). With a high l e v e l  of deficiency, 

b u t  yet  from 48 hour ce l l s ,  two e f f e c t s  are observed both i n  whole c e l l s  

(Fig.  2 )  and i n  pa r t i c l e s  derived from the  same c e l l s  (Fig.  5 ) .  Manifestrttien 

of the  e f f ec t s  of deficiency i s  now seen both on K1 and K 

of magnitude ' fo r  Hil l - react ion i n  pa r t i c l e s  &E: i n  whole c e l l s .  

i n  the  Bame order d 

The primary 

e f f e c t  of extreme deficiency obgerved by t h i s  type k ine t ic  analyslr; is, 

however, on the Kl rate constarit. 

needed t o  completely resolve' the  dilemma of whether or not the def ic i  cncy 

Flashing-light k ine t ic  analyses are  

d i r e c t l y  ef'l'ects a l i g h t  reaction. 

y ie ld  per O2 of 16-20 quanta (650 nyl-680 n q ~ )  f o r  Hil l - react ion i n  normal 

p a r t i c l e s  gives us some assurance %hat p a r t i c l e  preparation i s  not creat ing 

The ' f a c t  t h a t  the absolute quantum 

a r t i f a c t s  t h a t  se r ious ly  jeopardize a k ine t ic  analysis .  I n  the Hill-reaction, 

the sme r e s u l t s  are obtained whether one uses high poten t ia l  acceptors 

such 86 FeCN, cytochrome o r  quinone or  low po ten t i a l  acceptors such as 
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vlologcn o r  NADP. 3uch an observation lendc support t o  the concept that 

t l w  e f fec t  of Mn-deficiency i s  primarily upon photosyntum 1'1 7?9 . 

T h i s  concept i o  fu r the r  oupported by data of re1at:lve quantum y i e l d  

~nea~ureuierits with Mi-deficient or normal pa r t i c l ee  on react ions semi t i z e d  

by photosystem I. With pa r t i c l e s  showing essen t i a l ly  no Hi l l -ac t iv i ty ,  the  

photo-oxidation of reduced cytochrome c or  t h e  photoreduction of NADP - 
mediated by ascorbate-DPIP shows iden t i ca l  quantum yie lds  a8 compared t o  

p a r t i c l e s  from non-deficient Scenedesmus (Fig. 4 ).  

It w a s  considered, however, t h a t  such experiments d i d  not preclude the  

poss j .b i l i ty  t h a t  within photosyotern I a s i t e  of manganece function exis ted 

with an a f f i n i t y  constant many f o l d  grea te r  than t h a t  within photosystem 11. 

Since it i s  imposaible t o  cul ture  cells autotrophical ly  i n  complete absence 

of manganese, w e  sought another means t o  eliminate a l l  poseibllit;y of a 

funct ion of manganese within photosystem I. 

CEiloroplast p a r t i c l e s  obtained from 54m-uniformly labeled c e l l s  bind 

t h e  incorporated manganese tenaciously. By several procedures, however, 

t h e  simplest of which is  a 50' heat treatment it i s  possible t o  remove a l l  

manganese from t h e  p a r t i c l e  without l o s s  of photosystem I a c t i v i t y .  

There seems t o  be no d i r ec t  cor re la t ion  between loss  of Mrl and l o s s  of Hill 

a c t i v i t y  as judged by t h e  d i se imi l a r i t y  i n  t h e i r  k ine t ics  (Mg. 5 ) .  

i o  clear, however, t h a t  photosystem I a c t i v i t y  ( photo-oxidation of reduced 

It 

10 cytochrome - c o r  DPI% photoreduction of N&Dpf1i.8 nut irLfluenced e i t h e r  i n  

quantum yield o r  sa tura t ion  rate by complete removal of chloroplaot-bound 

mangarlese (Fig. 4 ). 
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The effects of manganese def ic iencies  on photosynthesis o r  the I I i l l -  

r eac t ion  are observed without a decrease i n  t o t a l  chlorophyll  b o r  caro- 

6 tenoids.  

w e  cons is ten t ly  f ind  i n  extremely Mn-deficient p a r t i c l e s  a s m a l l  but 

s ign i f i can t ly  g rea t e r  amount of chlorophyll b and possibly cnrotenoidn than 

I n  f ac t ,  i n  agreement w i t h  repor t s  of Spencer and Possinghm, 

i n  t h e  normal p r t i c l e o  (Fig. 6 ) .  

only the rate-limiting l i g h t  react ion r e o u l t  i n  no change i n  the c h l  a/chl b 

Conditionr, of deficiency a f f ec t ing  

r a t i o .  Tliece r e s u l t s  indicate  therefore  tha t  the e f f ec t  of deficiency most 

probably i s  not a gross a l t e r a t i o n  of pigment composition. 

Low temperature ( -196 ) fluorescence emissionl2' 0 analyses do however, 

reveal  s t r i k i n g  differences between the  def ic ien t  and normal p a r t i c l e s  

(Fig. 7 ).  Both the F and F bands are diminished, whereas t h e  F 695 698 730 
i s  increased i n  comparison t o  these emissions i n  normal parti-cles. 

Upon r e s to ra t ion  of Hi l l -ac t iv i ty  i n  def ic ien t  algae by addi t ion of 

and F restore  t o  t h e i r  730 niangnnese the  r e l a t i v e  emissions of F 

"iiorrna.l" ratlo6. 
60 5' '690 

More datu a re  needed, however, t o  eoLab:Li.oh clearly t h a t  

t h e m  ef fec tu  on fluorescence emiosion are npecif ical ly  and d i r e c t l y  

related t o  manganese and not simply a result of differences of p a r t i c l e  

s i z e .  

B. Restoration of Hill-Activity i n  Deficient Cultures by Light and 

Mn2' i n  Absence of Protein and N e t  Chlorophyll Synthesis. 

Many workers i n  the  pas t  have observed res tora t ion  of photosynthesis 

or  Hill-reaction a c t i v i t y  i n  Mu-deficient algae by addition of manganese 

salts t o  whole c e l l s .  Such experiments do not indicate  whether the restor-  

a t l v e  e f f ec t  is d i r e c t  by binding of manganeae t o  nn "rrpoenz~yrnc" o r  indirect; 

f 
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by an increase i n  general  c e l l u l a r  material syntheses dependent upon 

manpnese. 

To del ineate  zjome of these poss ib i l i t i e s ,  r e s to ra t ion  experiments were 

made under conditions where protein fqmtheois wae severely l i m i t e d  (- 90%) 

by cyclohcximLde (act idione)  14J . ;fip le remlts obtained were independent of 

time (15 miimtes to - 4 hours) needed for complete res tora t ion .  

1.0 1rdiIb.Ltl.ng the incorporation of 14C-phewlnlar1ine i n t o  TCA-precipitable 

protein,  t h i s  i nh ib i to r  aleo ef fec t ive ly  blocko net chlorophyll synthesis 

(1Y.g. 8 ). @Rpit€! these l imi ta t ions  upon t h e  ce l l ,  no inh ib i tory  e f f e c t  

I n  addi t ion 

1'7 

O n  r e s to ra t ion  of the  Hill-reaction i s  observed (Fig.  9 ). These obser- 

vations lend support t o  t he  hypothesis of a d i r e c t  function of manganese 

i n  photosynthesis. Until, however, i n  v i t r o  r e s to ra t ion  of H i l l - ac t iv i ty  

can be shown, the question remains unresolved. 

The requirement of l i g h t  for res tora t ion  (Fig. 9 ), which under the 

experimental conditions employed i s  always observed, i s  i n  conf l i c t  w i t h  

t h e  report of Arnon.113 This l i g h t  requirement huo not been invcctigated 

in d e t a i l  but expooure tl~ne seems t o  be of more importance than inI,errr;.i.ty. 

The light rcquirerncnt cannot be explained ciimply as causing a laree incretr;e 

Of flux of Mn2+ ions i n t o  the ce l l .  It could possibly be re la ted  t o  

a) oxidation of Mn2' t o  an "active" oxidation-state o r  b) a configurational 

change of an Mn-apoenzyme enabling it t o  bind i ts  manganese coenzyme. A t  

this time no data are available t o  exclude these o r  other  speculative hypo>;heses. 

t 



6 

C. Nature of Chloroplast Boufid Manganese. 

The l i terature contains speculation concerning the manner i n  which 

Suggestions have been made manganese i s  bound within the  chloroplasts .  

t h a t  manganese i s  bound within a "special  chlorophyll" or  a "special  

cytochrome." 

hypotheses, nor i s  the re  agreement i n  the  l i t e r a t u r e  concerning the  amount 

of manganese per un i t  of chlorophyll. 

To date, however, there  i s  l i t t l e  inf'ormation t o  assess thece 

If indeed, manganese i s  a funct ional  

component within photosystem 11, addi t ional  data a r e  needed on 1) nature of 

binding, 2) mount; and 3) t h e  valency state(s) of the  metal ion. 

the 5 4 ~ - c h l o r o p l a s t s  from uniformly labeled Scenedesmus, attempts have 

been made t o  answer some of these questions. 

Using 

The data of Table I represent t he  d i s t r i b u t i o n  of 54Mn within f r ac t ions  

of p a r t i c l e s  that had been dialyzed overnight against  de-ionized w t t b c r .  

ESrtsactJoil~ at -15 ( t o  minimize degradation of a poGoible 1cLbil.e Mn- 

cfiloroyrhyll) with eolvente t o  remove l i p i d  revealed only H very  o m a l l  

peercenLttge of the t o t a l  rad ioac t iv i ty  associated with l ipid-chlorophyl l  

f r ac t io#  Ru-t i t ioning of the  l i p i d  phase with water resu l ted  i n  complete 

loss of' a l l  54M1 i n t o  t h e  aqueous phsse thus ind ica t ing  no associat ion of 

Mn within a chlorophyll molecule. 

v i r t u a l l y  a l l  t h e  manganese. 

0 

The residue from l i p i d  ex t rac t ion  contained 

This  f r a c t i o n  undoubtedly i s  not homogeneou6 

b u t  because of the  high percentage of nitrogen of the dry weight w e  have 

lubeled it protxin.  

Additional evidence against  t h e  hypotheBi.6 of a manganese chlorophyll  

IIere it l e  shown t h a t  with increasing acetone (-15 ) 0 
is shown i n  Mg. LO. 
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concentration it i s  possible t o  ex t rac t  all chlorophyll without ex t rac t ing  

any appreciable mount of manganese. Thue although it seems c l ea r  t h a t  

there  is no manganno-chlorophyll, t h e  poss ib i l i t y  of a protein-Mn-chloro- 

phyl l  complex is not excluded. 

The mount of manganese per chlorophyll gJ.ven by our d a t a  center R T O I ~ ~ M ~ .  

the  number of 

Gomcwhat Of a 

t h i s  r a t i o  of 

1+6 moles of chlorophyll per gram atom of rnmlr,aner;e, a value 

mean of values previously reported j n the  l i t e r a t u r e .  Curiously 

Chl/Mn approximates the pool-size responsible f o r  t he  O,-gush 20 
L 

observed by many workers of * l 0,/150 Chl, 21,22 or - 1 l?q/lcO Chl. This r a t io  
I 

of Chl/Mn is  found regardless of chemical composition of buf fer  used i n  

ioo la t ion  of par t i c l e s  and more importantly independent of t o t a l  phosphate 

concentration 09 par t i c l e .  

since mitochondria, chromatophores and chloroplasts are known t o  preci-pitate 

c e r t a i n  cat ions as t h e i r  phosphates. This ,  of coume, would lead t o  

This l a t t e r  observation I s  considered pert inent  

erroneously high values f o r  the C h l / M n  r a t io .  Ebthermore, if‘ insoluble 

manganese phoaphates const i tuted a sizable portion of the to t a l  chloroplast  

manganese-pool, one would expect t ha t  breakage of the  chloroplast  by soni- 

ca t ion  and subcequent centrifugation8 would separate the more dense iasolu”3le 

phosphates from the  less dense l ipid-protein material. Our data do not 

ind ica te  t h i s ,  but do indicate  t h a t  sonication alone i s  in su f f i c i en t  i n  

t 

breakage of t h e  manganese bonding. 

Manganese-binding i n  chloroplasts of Scenedesmus has been investigated 

with parameters such as pH, ionic strength,  effect of detergehts, protein 

denaturants and chelat ing agents. Such information was considered necessary 

for  work towards i so l a t ion  of the  manganese ca r r i e r .  
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A t  pH values of 6.3-6.5 (Fig.  11) the  manganese asGociated w i t h  t h e  

p a r t i c l e s  i s  not e a s i l y  removed by washing or  dialySiG. 

t h i s  narrow pH range, however the  binding of manganese i s  decreased 

considerably. 

(N14)2 SO4 and i s  dialyzable thus indicat ing tha t  the rnarlguneoe released i n  

t h i s  manner is not protein-bound. 

a t a b l l i t y  of manganese binding iG similar t o  the  pII range f o r  s t a b i l i t y  of 

t h e  IU1-reac t ion .  We have not made, however, any meaourernents ind  Lcatlm 

On e i t h e r  side of  

The manganese released by adverse pII i s  not prec ip i tab le  by 

It io curioue tha t  the  pli range f o r  

n cor re l a t ion  of half-lives between t h e  two. 

A t  pH 6.5 chelat ing agents such as those shown i n  Table I1 do not 

e f f ec t ive ly  re lease  t h e  particle-bound manganese w i t h  t he  possible exception 

of KCN. I n  addi t ion l i t t l e  exchange between the 54Mn-particle bound 

manganese and the  Mn2' and M"04 

the  f a c t  tha% w e  have not been able t o  exchange 

-1 is  found, an observation consis tent  w i t i  

51+m2+ i n t o  unlabeled 

chloroplasto i n  a wide var ie ty  of d i f f e ren t  conditions.  These observations 

a r e ,  i n  general ,  consis tent  with those of Spencer. and P'oasinghwn 6 and po-lnt 

b o  an extremely low dissoc ia t ion  value of chloroplua 1, rrmnganusc. 

upon prolor4Jed s torage at  4 

However, 

0 or  -15' bu t  not at -196' o r  wl th  conditjons 

common f o r  pro te in  denaturation, %he chelating agents become increasingly 

more e f f ec t ive  i n  removing the  manganese. 

I n  f a c t ,  simple incubation at  neut ra l  pH of p a r t i c l e s  w i t h  denaturant,s 

such as urea,  thiourea,  or guanidine r e s u l t s  i n  a time, concentration, and 

temperature dependent re lease  of manganese. The data of Fig. 12  show a 

- 60% loss of bound manganese within 10 minutes by 6M urea treatment at  4 . 
A t  room temperature the  release is  more rapid and e s s e n t i a l l y  complete. 

0 
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E& salt, such as with sa tura t ing  concentxrations of ammonium sul fa te ,  do 

not r e s u l t  i n  release of manganece. Such ' resu l t s  suggest a binding of 

manganese by pro te in  which i s  released upon denaturation. 

Although it i s  possible t o  so lubi l ize  the manganese pro te in  i n  

micel lar  form with Tr i ton  (Fig. 13 ), dig i ton in  and phonphati.de micelles 

are ineffect ive.  

( N I I ~ + ) ~  so4 r e su l t i ng  i n  formation of Lipo-protein layer  and a c l e a r  

Micelles 88 prepared with Tr i ton  can be broken w i t h  

hypoyhasic layer .  The manganese is  found associated with the  l ipo-protein 

layer unless  again the micelles have been treated w i t h  urea, guanidine, 
0 heated 5 minutes at 50 , or  other means generally used for prote in  denaturation. 

0 0 A t  -196 t he  micelles may be stored, but overnite storage a t  -15 , 4' and 

23' results i n  extensive (70-100%) loss  of the  manganese t o  the hy-pophase 

upon ammonium su l f a t e  treatment. Such behaviour points t o  extreme 1abil . i ty 

of t he  manganese-protein bond i n  the micelle. 

Ily other  procedures it has been possible t o  obtain ci protein containing 

nianganese i n t o  solu-tlon and demonstrate adsorption onto DEAE with Gubr;equt?nt 

e l u t i o n  at  high ion ic  strengths.  The grea t  i n s t a b i l i t y  of' t he  soluble 

p ro te in  and the  lack  of a spec i f ic  "enzymatic" amay has hampered pu r i f i ca t ion  

and c r i t i c a l  assessment of such a pro te in(s )  in its re la t ionship  t o  i t s  

funct ion wi th in  photosystem 11. 
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54m-UniP~nnly Labeled Scenedeemus. 

Tota l  Mn 

( C P m )  

Chloroplast Suspension 372,400 

hrotein Fraction 352,000 

Lipid Fraction 890 

Per Cent of Dry Weight; 

Chlorophyll Nitrogen 

. 6 . 3  10.7 

0.0 16.5 

22.0 1.1 



TABLE I1 

EFI'EET OF.ASHING OF CHLOROPTAST PARTICI&S 

ON FEMOVAL OF MANGANESE 

Suspending Medium 

O.02M K phos. pH 7.0 

0.02M K Phos, pH 8.1 

0.02M K Phos. pH 6.5 

0.02M + W O - ~ M  W A  

0.2M + J ~ c l O - ~ r y I  
Hydroxyquinoline 

0.02M + l ~ l ~ - ~ ~  
0-phennnthroline 

0.02M + I A O - ~ M  KCN 

0.02M + M O - ~ M  
Diethyldi t h i  ocarbamat e 

P 0.02M f lx10-4M MnC12 

0.02M 4 I x ~ O - ~ M  KMnOb 

Tota l  Manganese in Purt ic le  
(Original) ( m n a l )  

8984 7209 

cpm 

9127 6412 

9230 8660 

9301 8 596 

9285 8913 

9369 

9185 

9232 

9334 

9286 

8669 

7451 

8639 

8111 

8656 

Percent of 
Total  Manganese 
Removed 

19.8 

29.6, 

6.5 

8.0 

4.0 

7 -  5 

IB .8 

6.5 

13.0 

6.6 

. -.. .. 
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Fig. 1 EXfect of moderate-level of Mn deficiency on photosyntheais. 

Photooyathesis measurements were made with a Clark-type O2 electrode using 

0.5 m i l  Teflon Type A membrane. 

containing 20 pgrame Chlorophylltotal were illuminated at 25’ i n  

0 . N  I% CO -0.U NaHco3, pH 9.4, eaturated with 5% C 0 2 - A i r .  

of vessel was 1.13 ml. 

Scenedesmus D cells (48 hour cu l ture)  3 

Total volume 

Full 
2 3  

I r r ad ia t ion  wae of wavelength > 500 mp. 

i n t e n s i t y  corresponded t o  bo0 ft. candles. Values are corrected f o r  dark 

r eq i r a t  ion. 
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Fig. 2 Wfect of extreme level  of Mn deficiency on photosyntheGis und 

quinone-Hill reaction. 

Fig.' 1 except that; extremely Mn-deficient c e l l s  (48 hour 

where noted. 

benzoquinone. 

Conditione were the same aa descrdbed in legend of 

c u l t u r e )  were used 

QuInone-Kill reaction was run at pH 6.5 u s l n g  freshly subl imed 
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Fig. 3 

experiments of FYg. 2. 

moles: 

1.13 m l  containing 20 pgrams Chlorophylltotal. 

legend of Fig. 1. 

Hil l - react ion activity of c h l o r o p h o t  p~irt, 1 L'laEi J'rom cv3 11; um:d i n  

Reaction'veouel contained the followin(: i.n micro- 

Tris-HC1, gH 7.2, 9; NaC1, 10; and FeCN, 1, i n  total volume of 

For other details  see 
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F i g .  4 Reduced \cytochrome c photo-oxidation wit11  digitonin Lreated - 
p a r t i c l e s  from n o q a l  and extremely def ic ien t  algae used i n  experiments 

of Fig. 2. 
\ 

The readtion mixture contained i n  micromoles:- K p h o ~  buffer,  

pH 6.8, 10 0.15M 7.5; NaC1, 17.5; methylviologcn, 0.1; KCN, 0.2; 

cytochrome 2 (92% ed) 1.0 mg; plaotocyanin, 0.005; and 20 pgramo 

~ ~ l o r W W l t o t a l  in m l .  For other details Bee legend of Fig. 1. 

i 
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Fig. 5 

labeled particles from 54Mn-unifody labeled Scenedesmus. 

Fig. 3 for details. 

to .02M moa pH 6.7 containlng 0.001M vcrsone at bo and ptrticleo removed 

by e ent ri f'ugati ion. 

Effect of treatment at 50' on loss of I I i l l -ac t iv i ty  and '"Mn- 
See legend of 

At indicated time, aliquot6 of particleo were added 

54Mn wa6 detennined as deacr-lbed In Methodo. 

I 

t 
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fig. 6 Dtfference spectrum Of 80% acetone extraction of particles from 

normal Bnd extremely Mn def ic ien t  Scenedcsmus. 

ample (normal) and reference (def ik ien t )  cuvette equal. t o  0.615. 

Absorbance at; 663 ml.~ in both 

Truce ' 

I 

recorded on Cary Model 15. 
I 
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0 
fig. 7 Relative fluorescence emiosion at -196 of' normal and exLrernely 

Mri-def icient Scenedesmus D Samples had equal nmouni;~ of cfilorophyl~l tot;al. 3' 
P a r t i C l & i  i from such ce l l6  showed essentially the  6ame Pluoreecence emission. 
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Fig. 8 Couroe ot' chlorophyll cynt1ica.i.s r l w i  ng reac t iva t ion  of msriycrrieoe 

1 .  

( 5  pg/m:L) ridded. 

cycloheximide ( 5  pg/niL) and Mn2' added; o r  def ic ien t  c e l l s  i n  darkness with 

Mn2+. Open circles - illuminated def ic ien t  cells with Mn added. 

Open nqunres - i1limiinnt;ed def ic ien t  c c l l a  with 

2+ 

I 

I 
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Fig. 9 Reactivation of quinone-Hill reackion by l ight ;  and Mn'- i n  absence 

O f  net chlorophyll and protein synthesis. 

illuminated i n  absence of Mn2', o r  wjth Mn2' and without i l lumination. 

Open c i r c l e s  - def ic ien t  c e l l s  illuminated, Mn2' added. 

de f i c i en t  c e l l s  illuminated, Mn 

Closed c i r c l e s  - def ic ien t  cells 

Open squares - 
2f and cycloheximide ( 5 pg/ml) added. 

Closed t r i ang le s  - non-deficient ce l l s ;  Open t r i ang le s  - non-def i c i en t  

cells with cycloheximide. 

a l l  trczce elements including Co2' and VO . A t  zero time Mn ("Spec- 

pure", 0.5 x 10-5M) was added. 

and assayed f o r  quinone-Hill reaction, t o t a l  chlorophyll, an@ incorporation 

Of C-phenyjalanine into TCA-precipit able protein.  mo te  in synthesic 

w a s  inhibi ted 

Cells were ouspendcd i n  growth medi-um containing 

-I 2.t 
3 

A t  indicated tirnec, aliquotr: were removed 

14 

90% by cycloheximide throughout course of experiment. 
\ r  
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32 

~ ~ - 1 0  

p a r t i c l e s  obtained from 54Mn-uniformly. labeled Scenedcnmue . 
c i r c l e s  - Chlorophyll; Closed squares - 54Mn i n  acetone extractions;  

Open c i r c l e s  - 54Mn extractable  by buffer  following acetone extract ion.  

H f e c t  of acetone on extraction of Chlorophyll and 54 f i  from 

Closed 
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Fig. 11 FJ-fect of pH on lo66 of c l i lo ropln~t  bound man@nese. Ikrti.cles 

Incubabed at 5’ fo r  21 hours in O . W M  buffern 1,hrn ~cniovcd by ccntz i  f~ i~y i t  ion. 

A to ta , l  04 2200 cpm was used in each. 
\ 

I j 

I \ 
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Fig. 12 

Labeled par t ic les  !were incubated for 10 minuter; at; ho i n  O.OL'M K HLOS 

pH 6.7 containing urea at concentrations specif ied then centrifuged t o  

remove the particles. 

EXfect of urea concentration on loss  of partic Le bo\rnd niw\(yuww. 

i 



.$'/ 

PERCENT LOSS OF BOUND Mn 
3 a, 03 0 8 0 0 0 0 

O0 I I I 

c 



fig. 13 b t e r g e n t  treatment of 54ih-labeleci particleg. Rir t ic leu  

(100  grams Chl) were incubated at 4' for 1 hour with t h e  indicated coiiccn- 

tsation of detergent then centrifuged at 144,000 x g for 1 hour. 
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